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Colony growth on agar plates

e Colonies grow on agar, which is a gel containing water an
nutrients.

e Colonies are inoculated at the center of the agar ptateare
allowed to grow for weeks.
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Petri dish/ Agar

Movie by

Gathyiot Who isBacillus subtilis?

: : L evEg
e Rod-like bacterium S ertge

- LengthO2-3um

- Diameter]0.7 um

- Swimming speed
010 times the cell
length per second |
e Swims with flagellaf
(runs and tumbles) = =

e In these experimentB, subtilis does not
- form spores,
- secrete a surfactant, or form a biofilm.
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N. H. Mendelson & B. Salhi, i
J. Bacteriologyl 78, Different COIOny forms for

1980-1989 (1996) Bacillus subtilis
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Experiments by Large-scale motion in the
C. Ott & N. Mendelson Colony
;;i: ?z-:’: o _ Moist paper
L{ tov‘}el
Cover Agar
slip
This movie illustrates the formation and dynamics of ishir
and jets in the colony[H. Mendelsoret al., J. Bact.181, 600-609
(1999). When the cells are killed by formaldehyde vapors, &l
motions cease.
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I. Goldinget al.,

Physica A260, 510554  Reactiordiffusion models
(1998)

Such models describe the evolution of bacterial densdy an
nutrient concentration. The dynamics of these quantgies
sometime coupled to that of other variables, such as the
concentrations of non-motile bacteria or of a loént.

e The “Diffusive Fisher-Kolmogorov” equations

N _ pvo2N+E(N,9)
:; F(N,S)=N S
S =D*S-7F(N.S)

[R.A. Fisher, Annu. Eugenid 255-369 (1937).
A.l. Kolmogorov, I. Petrovsky and N. Piscounov, Mosddwiv. Bull.
Math. 1, 1-25 (1937).

I. Goldinget al., . . .
Physica A260, 510554  Reactiordiffusion models

(1998)
[D.A. Kessler and H. Levine, Natugd4, 556-558 (199§)
e Add bacterial death term
F(N,S)=NSO(N-N,)-uN %

in equation foN (Kitsunezaki, Goldinget al.)
e Nonlinear diffusion (Kitsunezaki)
ON

ot
[S. Kitsunezaki, J. Phys. Soc. JB6, 1544-1550 (1997)

But branched patterns are segty if randomness is introduced in the
model

e Cut-off in reaction term (Kessler-Levine)
F(N,S)=NSO(N-N,)

= DD NON)+N S— 4N
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I. Goldinget al., . . .
Physica A260, 510554  Reactiordiffusion models
(1998)

e Nonlinear diffusion with stochastic diffusion coefént
(Kawasakiet al.) )

‘2—':' = 0D (1+0)N SON)+N S
whereo hasa triangula distribution
[K. Kawasakiet al., J. Theor. Biol188, 177-185 (199%)

e Active and inactive bacteria + nonlinear diffusion +fetiént
functional forms for nonlinear diffusion and bacterial
“death” term (Mimuraet al.) [M.Mimura, H. Sakaguchi, and M.
Matsushita, Physica 282, 283-303 (2000}

Increase Increase Increase
bacterial Ievel , bacterial
diffusion d|ffu3|on
coefficient nutrlents coefficient
I. Goldinget al., . . .
Physica A260, 510-554  Reactiordiffusion models
(1998)

e Active and “dead” bacteria + lubricant + lubricant-deperde
diffusion coefficient + absorption (Goldirej al.)

Increase Increase
* absorption * * absorptlb'n *

Increase influence of lubricant in nonlinear difusterm
e Chemotaxiss often
included in these
models by adding a
term of the form Food
O-(Nx(9 09 to )
the left hand side of gradient
the equation foN.
From R. Macnab, 1987.
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Why try a hydrodynamic
approach?
.

e In wet conditions, bacterial motion is dominant ifocy
expansion and therefore needs to be modeled adequately
This dynamics canndte described by existing reaction-
diffusion models.

e Whirls and jets observed within the colony suggest a
hydrodynamic approach.

e Bacterial density is too high to assume that the dyramic
within the colony results from swimming of isolated
bacteria: bacterium-bacterium interactions cannot be
neglected.

Hydrodynamic model

e Orders of magnitude

- At the scale of a bacterium
vL _3010°m@Aao*°

Re® =—0—— ——— 010"
v 10
- At the scale of a bacterium, in the presence oficest
and jets:
6 6
Re® Dloomolo_té?_smo =2500°

- At the scale of the large-scale structure’e 11

_or R&Y = Ty 0 tlmeto reachchar.actemtl_csae: 5
T life - time of whirls andjets 025

=20
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Hydrodynamic model

h]| Agar with bacteria and water ?

R —

v
/ horizontal
Petri dish velocity
profile

e Model the agar as a porous medium.

e Brinkman’s equations for porous media indicate thatignot
will occur in a thin layer near the surface of the agar

e Model the mixture of bacteria and water as a two-phase
fluid.

Hydrodynamic model
.

e Continuity equation for nutrients

- S= nutrient concentration
Nutrients diffuse through the agar towards the mixture
bacteria and water
Nutrients are consumed by bactefg)(
We assume that Fick’s law is valid as a first
approximation and neglect medium anisotropy for food
diffusion
We assume that the fraction of nutrients advecteddy tf
fluid is negligible

95 _ R, +D°0%S

ot
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Hydrodynamic model

e Continuity equation for bacteria
- N = bacterial mass per unit volume
- W = bacterial velocity field
Bacterial mass increases due to food consumpiQn (

We assume there is no mass transfer at the ingerfac
between bacteria and water

ON

— +0O0QNvY) =

P [NVT) =R,
N

I = 0NV R, =00 +R,
i =N" -v) O-D"(N,W,S)ON

Hydrodynamic model

e Continuity equation for water
- W= mass of water per unit volume
- VW= water velocity field
- Water “diffuses” through due to capillary dispeisiv
- Water may also evaporat®,)
- Interfacial mass transfer is neglected

aa—VtV+DEQ\/\/vW):RN+D[ﬁDWDW)
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Hydrodynamic model

e Momentum equations for water

- TW=water stress tensor

- FW=FW+ FW+ FW
F,W describes interactions between water and bacteria
F.V describes interactions with the substrate

F.Vdescribes external forces (e.g. due to addition of
water, ...)

0
W)+ 0w
=0T + FY + R,V +VWO [{DYOW)

Hydrodynamic model

e Momentum equations for bacteria

- TN = bacteria stress tensor

- FN=FN+ FN+ FgN
F.N describes interactions between water and bacteria
FN describes interactions with the substrate

F," describes changes in linear momentum due to
bacterial activity

%(NVN)+DQNVNVN) =0T +F" + R V"
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Hydrodynamic model

e Interaction forces
- We assume th&N + FW = 0, which is legitimate if one
neglects surface tension effects at the interfateden
bacteria and water

e Stress tensors
- O™W=-0p"W+tW; OTN=-0OpN + N
— pN=K T[N+ By(T) N2+ ON 3] = po + Y(SNW) N2
the second term describes pressure due to coflision
between bacteria

- For a newtonian fluid,
™W = pWwWandtN = pN 02wW + AN O (O-W)

Hydrodynamic model

e Equations for global quantities

p=N+W V:I:‘)(NVN FW)

pg\t/ +plvID)v O-Op-O((S,N.W)p*@-0)°)+ DLl +7°) + F

p=p"+p) FD—/7V+FQN+F9N

V=N +em HmH:O(HvN ||) £<<1

5=—WV_ _ wetnessoefiicient 95 _ R, +D®0°S
N +W ot
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Hydrodynamic model

e If dis not constant, the following equations are us

p:+p(VDD)V D_DP—D(V(S,N,W)N2)+ D[ﬁl’w +TN)+ .

%':'+D[6Nv):RN +0fDON)

aa\’tV+D[q\/W): R, + 0 D" 0w)-0tp" ON)

pP=N+W

0S

— =R, +D°’S
ot R

ed

Hydrodynamic model

e Two-dimensional reduction
- Assume thatWw andSdo not depend on the vertical coordinate

- Neglect vertical variations @ in the thin layer at the top of the agar

- Neglect vertical dependence of velocity field and assume
v=f(2) u(x,y,t)
- Then average over the vertical coordinate in the thin lager the
top of the agar plate
e Separation between expansion-driven and hydrodynami
components of the flow
- p=pN+pWis such that the compressible part of the velocity fiel
v=v ¢+ vHis due to chemotaxis-like behaviors
C
0" =0 and & =-Lp(ne)+ Lo vo-Tnye
ot 1Y Pm Pm
whereD v = p [?v + A O(0-v) andn,, p, are typical values af, p.
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Hydrodynamic model
.|

e Two-dimensional hydrodynamic model

Nop —(VDD)V+£1—IJD v—[”—nmjv+|:
ot P Pn p Pn) P
—ED(VN2)+E—/77mV
P Pn P
oN

o rodw)=R, +0dD"ON)

aavtvm[@/w): R, +0{DYOW)- DN ON)

oS _ S—2 Gradients are now horizontal gradients
ot Rs+D"S andv = u<f > is the averaged velocity
field.
Outline

e Brief overview of colony forms and colony dynamios
Bacillus subtilis

Reaction-diffusion models
Hydrodynamic model
Chemotaxis-like behavior

Numerical simulations

- Chemotaxis-like behavior (advection-reaction-diffasequations)
- Full hydrodynamic model

- Phase diagrams

e Conclusions
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Chemotaxidike behavior

e Neglect inertial and viscous terms, as well as the
incompressible part of the pressure term
e AssumelN/p andy(S) are constant

e Then if the consumption term dominates the nutrient
dynamics, we have

__106(8) 4 g oo dG _
< ot if R;=-k,N f(S) and s f(S)

LR ELC)
ot k, ot

v DQEE =x(S)OS  x(S) ="chemotactt" coefficient

ke 0 (9

Chemotaxidike behavior

e f(S) =Sgives the Keller-Segel model for chemotaxs-|
Keller and L.A. Segel, J. Theor. Bi@0, 225-234 (1971)

e f(9 = (1457 gives the “receptor law” for chemotaxis.
e We then obtain the following reaction-diffusion nebd
2N OS
ko, o (9

%—T+DEQNV): R, +0{D"ON)

‘)(T"t\’m[qvw): R, +00{D"0W)- 0D ON)

ats = kN f(S)+ DTS

= x(9)0ds x(S) ="chemotactt" coefficient
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Numerical simulations

|
e New reaction-diffusion equations without chemotaxis
t=2700;DN(N,W,S) = 5. 16® (1+0) NS DS= 10%,DW=5. 10% k, = 1;
y=0;Rs=-NS L=8mW,=0.20;S, = 0.35;N, = 0.71 exp(- 20?)
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Numerical simulations

e New reaction-diffusion equations with chemotaxis
t=1700;DNN,W,S) = 5. 16* (1+0) NS DS=5. 10% DW= 10% k, = 1;
y=2510%Rs=-NS L=87mW,=0.20;S = 0.35;N, = 0.71 exp(- 20?)
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Numerical simulations

e New reaction-diffusion equations with chemotaxis
t=300;DN(N,W,S =5. 1% (1+0) NS; DS=102; DW= 5. 10°; ky = 1;
y=2510%Rs=-NS L=8m1W,=1.0;S=0.35;N,=0.71 exp(- 20?)

1.40 A —N  —S w

1.20
1.00
0.80 -
0.60 -
0.40 -
0.20 -

0.00

12 -9 6 3 0 3 6 9 12

Position

Numerical simulations

e New reaction-diffusion equations with chemotaxis
t=400;DNN,W,S) =5. 1% (1+0) NS; DS=10%; DW= 5. 10°; k, = 1;
y=1 102Rs=-NSL=8m1W,=1.0;S,=0.35;N, = 0.71 exp(- 20?)

—
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Numerical simulations

e The chemotaxis-like model is = 445
singular limit of the full hydro- o0} -5

dynamic model 0.005 |

DN(N,W,S = 5. 13 (1+0) N S: 0.000 ?

DS=0.005 DW= 0.1 k,=1; -0.005

y = 1/900;/ = 0.0002;W, = 0.02; -0.010 |

E = max(y-veher]|)/max(¥]). OO %0 60 80 100
Solid line:x component ofrchem position

Dashed linex component of/ 0.02

0.8

0.01
06F
0.00
E o4l

-0.01
02F

-0.02
00, 5 10 15 20 0
time

Hydrodynamic model

e Two-dimensional hydrodynamic model

Nop —(VDD)V+£1—IJD v—[”—”mjv+|:
ot P Pn p Pn) P
—ED(VN2)+E—I77mV
P Pn P
oN

S rodw)=R, +0dDON)

aavtvm[@/w): R, +0{DYOwW)- DN ON)

oS _ S—2 Gradients are now horizontal gradients
e R+ DS andv = u<f > is the averaged velocity
field.
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Numerical simulations

e Full hydrodynamic model (newtonian fluid)

t = 2000
DN,=DS=5.10%; DW= 101
DN(NW,S) =DV, (1+0) N S
Rs=-NS=-Ry;Ry=0
ky=1;y=0.44 10%
pu=0.0LA=w3;n=0
Fo=Npf

f = solenoidal white noise
L=8rm

W, =0.25;§=0.35

N, = 0.71 exp(- 20?)

Numerical simulations

e Full hydrodynamic model (newtonian fluid)

t = 2000
DN,=DS=5.10%; DW= 101
DN(N,W,S) =DV, (1+0) N S
Rs=-NS=-Ry;Ry=0
ky=1;y=0.44 10%
pu=0.0LA=w3;n=0
Fo=Npf

f = solenoidal white noise
L=8rm
W,=0.25;§=0.35

N, = 0.71 exp(- 20?)
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M. Matsushiteet al., i
Physica ross, s1re Different colony forms for
(1998) Bacillus subtilis OG-01

B. subtilis
35t 90mm

Conc. of Nutrient [g/l]

115 V10 s u7 o U /5 14

1/(Cone. of Agar) [1/(g/)]

Functional Forms

Diffusion coefficient ofN: D" =D°f(N,w,S).
Small-scale forcing:F, = p f,f(N,W,S).
e Coefficient ofN? in pressure termy =y, f(N,W,S).

o f(NW,9)= % tanh? (4N ) [l+ tan}{W - 2[1+ % [1— tanl‘( S;flj]]]] % [1+ tanl‘( S;((J)ZOSJJ

0.5
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03
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!
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Full Hydrodynamic Model
Example of Phase Diagranm

Role of pressure coefficient

t=1800 t=1000 t=600 t=400

&
<
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Conclusions

e Hydrodynamic model

- Describes bacterial dynamiesthin (c.f. vortices and
jets) andat the boundary of (c.f. branched structures) the
colony.

- Proposegeneral framework for the use of advection-
reaction-diffusion equations in modeling bacterial
colonies.

- ldentifies amechanism for collective motion towards
fresh nutrients, which, in its modeling aspectsinsilar
to classical chemotaxis.

Conclusions

e Hydrodynamic model

- Qualitativelyreproduces phase diagrams describing
colony shapes in terms of initial concentrations of
nutrients and water.

- Can be adapted to describe bacterial strains tihaB.
subtilis.

- Can be made more precise by modeling water and
bacterial dynamics separately or by introducingoaem
elaborate closure relation between the water acetbal
velocity fields.
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Conclusions

e Open guestions

- What are the rheological properties of a bactehiad P
What role would non-Newtonian effects have if ird=d
in the model?

- Understand, at a microscopic level, the naturdéef t
small-scale forcing due to bacterial activity.

- Analyze the coupling between hydrodynamics and
reaction-diffusion equations and understand how the
complex dynamics within the colony destabilizes the
colony boundary.

R.Macnal

Motility and chemotaxis, Runs and tumbles
1987

D

-

Swimming: CCW Tumbling: CW rotation
rotation

Bar: 5um (E. coli or S typhimurium)

R. MacnabMotility and Chemotaxis, in E. coli and S typhimurium: cellular and
molecular biology, pp. 732-759, Ed. by F.C. Neidhattal., ASM, Washington DC, 198
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M. Ohgiwariet al.,

J. Phys. Soc. Jp6i, DLA-like colonies
816-822 (1992)

M. Matsushiteet al., H : “
o Colonies with “rough

(1998) contour”

Fig. 2. Photographs of a bacterial colony in region B. Here we used wild-type bacteria. C, = 10g/l,
Cy = 20g/1: (a) A macroscopic snapshot of the whole colony. It was taken 3 days after inoculation. The
diameter of the plastic petri dish is 88 mm: (b) A microscopic snapshot of the colony interface. The scale
of the figure is 0.4 mm in width.
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|. Goldinget al., i i i
Physica ot ci0sse colonies with concentric

(1998) rngs

Fig. 7. Colony of B. subiilis. Pattern of concentric rings superimposed on a branched colony. Taken with
permission from [60].

I. Rafols,Formation of concentric ringsin bacterial colonies, MSc thesis, Chuo
University, Japan (1998).

M. Matsushiteet al .,

Physica A249, 517-524 Round colonies
(1998)

Fig. 3. Photographs of a bacterial colony in region D. Here we used mutant bacteria which do not secrete
surfactant, Cy = Sg/l, Cy = 10g/l: {a) A macroscopic snapshot of the whole colony. It was taken 19 h after
inoculation. The diameter of the petri dish is 88 mm; (b) A microscopic snapshot of the colony interface.
The scale of the figure is 0.4mm in width.
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K. Kawasakiet al.,

J. Theor. Biol188, 177-185 Colonies with DBM
(1997)

Fig. 2. A typical DBM-like colony pattern. The agar plate
contains 0.5 g 17" of peptone and 5gl1~" of agar. The colony is
photographed 2 davs alter moculation.

S=1-W=7-A=0

Left: animation showing the growth of the colony until t = 400

Right animation showing a quarter of the colony together thigh
corresponding velocity fied
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S=1-W=2-A=0

Left: animation showing the growth of the colony until t = 400

Right animation showing a quarter of the colony together thigh
corresponding velocity fied

S=12-W=3-A=0

Left: animation showing the growth of the colony until t = 400

Right animation showing a quarter of the colony together thigh
corresponding velocity fied

Joceline Lega, University of Arizona (KITP Patt€&wormation Conference 8/18/03)
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S=08-W=5-A=0

Left: animation showing the growth of the colony until t = 400

Right animation showing a quarter of the colony together thigh
corresponding velocity fied

S=08-W=7-A=0

Left: animation showing the growth of the colony until t = 400

Right animation showing a quarter of the colony together thigh
corresponding velocity fied
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e Reaction-diffusion equations

Diffusion coefficient ofS: 0.002
Diffusion coefficient of: 0.002
Diffusion coefficient ofN: D° =0.0004
Logistic growth coefficient foN: a=1.0
Carrying capacityN, = 1.0

Nutrient consumption coefficient:
k,=1.0

Cut-off value: 0.015

Noise onDN of amplitude: 0
EvaporationA = 0.00

e |nitial conditions

Maximum amplitude of initial condition
for N: 1.00

Initial condition forW: 2.00, 3.00, 5.00,
7.00, or 10.00

Initial condition forS: 0.2, 0.4, ..., 1.2

Parameters

e Hydrodynamic equation

Friction:n = 0.01
Viscosity:v =0.01

Bulk viscosity:{ = 0
Small-scale forcingf, = 0.04

Support of forcing in Fourier space:
35 <k <55

Forcing is maximum &t = 45
Pressure coefficiery: 0.001

e Simulations

Time step: 0.1
Number of points: 512 x 512
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